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Presenter
Presentation Notes
My name is Romain Boman. 
I have been working at the University of Liège in Belgium as a Research engineer for the last ten years.
The purpose of this presentation is to give you a brief overview of the topics we are working on at the "Non Linear Mechanics" laboratory in Liège.
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University of Liege — LTAS-MN?AL

« ULg = University of Liege (8 faculties — 400 professors — 2000 researchers — 17000
students / 20% foreigners)

LTAS = Laboratoire des Techniques Aéronautiques & Spatiales (Aerospace Laboratory)
— includes 8 laboratories ~ 60 engineers

 MN2L = Mécanique Numerique Non Linéaire (Non-Linear Mechanics)
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Presentation Notes
My University is called “University of Liège”. It is a quite large university if it is compared to the size of Belgium. There are 8 faculties, one of which is the “Applied Science” faculty. This faculty is divided into many departments and I am working in the LTAS, the Aerospace Laboratory
This department is composed of  several laboratories. I am working in the biggest one, called the Non-Linear Mechanics laboratory.
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Non-Linear Mechanics laboratory.

General research interests

* Process simulation including large strains (Prof. Ponthot)

= Material forming = Tire Mechanics

= Crash & impact problems » Biomechanics

J.-P. Ponthot

Main Industrial partners

 GDTech / Samtech (*) (Engineering services)

» ArcelorMittal (*) (Steel maker)

« SNECMA (Aero engines manufacturer)
« TECHSPACE-AERO (*) (Aero engines manufacturer)
« SABCA (Ariane 5 components)

« SONACA (Airbus components)

« GOOD-YEAR (Tire manufacturer)

(*) owns a Metafor license
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Presentation Notes
The head of my laboratory  is Prof. Jean-Philippe Ponthot. 
We mainly focus our work on process simulations including large deformations, such as material forming, crash and impact, tire mechanics and, more recently, biomechanics.
Our main industrial partners are listed below. As far as I am concerned, my research projects are related to steel forming in collaboration with ArcelorMittal.
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Our home-made software : Metafor

Our “experimental” facilities at LTAS-MNZ2L

* None, except PCs, servers, compilers, ...
* We focus on:

* New algorithms development & implementation
« Engineering software design

What is Metafor?

A Non-linear finite element software mainly used for the simulation of Metal Forming processes.

History of Metafor

e 1992 Metafor — Fortran77 (Ponthot’s thesis).

e 1992-1998 Awkward integration of some PhD theses.

» 1998 Unmanageable situation — new routines added using C.

« 2000 Oofelie was discovered — complete rewriting using C++/python.
e 2000-2008 All developments integrated inside one software : Metafor.
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Presentation Notes
Since we don’t have any experimental facilities in our laboratory at the University except our PCs, we focus on numerical simulations, new algorithms development and implementation and engineering software design.
He result is Metafor, a home-made non-linear finite element code, which is mainly used for the simulation of Metal Forming Processes.
The first version was initially written in Fortran in 1992 by Jean-Philippe Ponthot but this language has too many limitations and I decided to rewrite it using newer programming techniques in 2000.
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Our home-made software : Metafor

Our aims

* Never loose the previous developments (PhDs, research projects,...).
» To gather the researchers together on a unique software platform.
 Full control of the source code.

“Basic” FEM Toolkit

Our tools
o C++/python : common language
 SVN . 1-2 releases / week
» Tests suite : >1200 tests on 01-09-2008
» Doxygen . programmer’s documentation
* Web site . user’s documentation (in French)
* Programming rules . (simplified) “Ellemtel” coding rules
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Now, this software is used for teaching the finite element method as well as research and PhDs.
Our aims seem obvious but are usually missed in universities: we want to never  loose the previous developments, that means to gather the researcher together on a unique software platform with a complete control of the source code.
That’s why Metafor can be viewed as a FEM Toolkit.
I have listed here below the tools we daily use for those who are interested…
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Today, there are 10 engineers working on the source code of Metafor. Some are PhD students, other are research engineers like me and some are Professors.
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Presentation Notes
Before having a look at the numerical applications, I think it’s a good point to start with a small review of the main equations that are solved inside a non-linear finite element code like Metafor (or Abaqus).



snverse UL I Metafor FE Software

de Liege | gz

Main equations to be solved

00;
.o J
X = +pb onV(t
PR =gy, To0 oV . SM+SW,, =W, weakiom)
PVW
oy N; =t on S(t)
(Momentum balance)
. . M X+ Fint (X) = Fext (X)
Spatial e — —
Discretization Inertia forces  Internal forces External forces
(FEM) (const. law) (contact, ext. loads, ...)
> Incremental procedure (time steps) using
Time  either explicit schemes
Integration  or implicit schemes (Newton-Raphson iterations)

Highly non-linear: large displacements, contact and friction, material behaviour, thermal coupling, etc
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Presentation Notes
I have tried to summarize everything on one single page.
The equations to be solved are the momentum balance on the studied volume with some conditions on the boundary. Thermal effects are neglected here in order to stay on a single page.
The principle of Virtual Work is applied to these equalities to get a weak form. 
Using appropriate shape functions, the weak form is discretized at the nodes of the finite elements. This equation shows the balance of inertia forces, internal forces (coming from the integration of some constitutive law of the material) and external forces (as contact conditions, external loads, etc)
Then finally, these equations are time integrated using either an implicit or explicit scheme.
The resulting equations are highly non-linear because of the large displacements, the material behaviour
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LLarge strains elements — SRI & EAS elements

—

W,

* SRI: Selective Reduced
Integration : common large
deformation finite element
(1 GP for p / 4 GP for dev.
stresses)

» EAS: Enhanced Assumed
Strain : avoids SRI shear /
volumetric locking oe

ViWin- iZWim —

100% is plastic!

SRI
ny =4

Equivalent plasiic Siraln
,[@350
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Since we deal with plastic deformation that is mainly incompressible, some special techniques must be used to avoid element locking (that means a too high stiffness). Thus, two kinds of non-linear finite element are available: the classical SRI that reduces volumetric locking and a more sophisticated element called EAS that reduces shear locking.
The advantage of EAS is shown in this simple 2D example where a sheet of steel is bent by rollers. The core of the sheet should remain elastic (dark blue) and it’s not the case with the classical SRI element.
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Numerical applications

1. Contact

2. Material laws and related algorithms

3. ALE formalism
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Contact

Drawbead (Nine's test)

Deep drawing (S-Rail)

Tube Hydroforming

S RRCERIVR

Roller levelling (3D)
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Most of forming processes involve contact as a boundary condition. I 
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Drawbead simulator

* Numerical simulation of an experimental
drawbead device (used by H.D. Nine — General
Motors - 1978)

» Drawing and clamping forces are studied.

 Frictional component can be avoided if the
rollers are free to rotate.

» Springback radius can be estimated and
compared to experimental results

v
...
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The first example is a model of a drawbead simulator.
Drawbeads are used in deep drawing around the die cavity. They bend the sheet in order to produce a restraining force that reduces sliding of the blank during the process. This restraining force depends on the vertical clamping force that is applied on the drawbead and the friction conditions.
In order to study this restraining force, Nine has built an experimental drawbead replacing its shape by three rollers that may rotate or not to model either fully lubricated contact or dry contact with high friction. A sheet is pulled between the rollers and the forces are studied. 
Working with ArcelorMittal, we have used such an experimental device to measure the springback of the blank after going through the rollers. This springback is the elastic recovery of the material. It is related to the residual stresses and thus is a function of the material law parameters (hardening law, backstress tensor in case of kinematic hardening) and the process parameters.
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S-Rall benchmark
(Numisheet '96)
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» Deep drawing of an "S-shaped" rail.
* The die and the punch are rigid.

» Friction is taken into account
between the tools and the blank.

» Springback is computed removing J2
the tools and using an implicit
ihe tools 0.000 250. 500.
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Springback is a very critical phenomenon in metal forming because it must be estimated when designing the tools. In other words, it means that the final shape of the blank will always be different from the shape of the punch and the dies. That is a big problem especially when dealing with high-strength steels.
Another example of springback simulation is the following model: this famous benchmark of deep drawing of a S-shaped Rail. Contact and friction is taken into account using the penalty method between the blank and the blankholders and the puch.
We have chosen to use a implicit scheme for both drawing and springback simulation.
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Hydroefoerming of a tube

 Thermomechanical hydroforming of a
tube.

» Material with thermo-elastoplastic
behavior.

» The exact geometry of the die has
been imported from CATIA (including
Nurbs surfaces).
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The next simulation is the hydroforming of a tube. Hydroforming means using the pressure of a fluid (usually water) to deform a workpiece. In this very case, a small steel tube is laid inside a a T-shaped mould. The tube is filled with water and compression forces are applied at both ends. Because of the limited compressibility of the fluid, the tube will deform to match the shape of the mould.
This example shows that we are able to manage contact on complex analytical surfaces, such as B-Splines coming from commercial pre-processing softwares.  
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The last contact example is a simulation of a roller levelling machine from ArcelorMittal. Its purpose is to reduce the shape defects coming from the upstream cold rolling process such as “edge waves” or “centre buckle”. “Edge waves” means that the length the edges of the steel sheet is larger than its centre. This machine is usually built between a cold rolling mill and a skin pass mill. It is made of several levelling units that try to reduce the defects by successive plastic bendings.
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Material laws

Superplastic forming (tee)

Propagation of crack

Fast tensile test with damage and fracture

S

Orthodontics
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Superplastic forming

lvetafor : pas 0 =0.00000047 3000000001 di=0. 100000
» Superplasticity is a state in which

a material is deformed well
beyond its usual breaking point
(high T, low strain rates).

» Multisheet superplastic forming of
a self-stiffened titanium structure
(Sonaca).

* Optimal pressure cycle is
computed in order to stay below a
given plastic strain rate.

Equivalent plastic strain
0.000 0.400 0.800 1.20 1.60
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Since we work in the Aerospace laboratory, some of our projects are related to space shuttles and satellites components. Forming of aerospace components is slightly different of classical metal forming because the components are not produced in large quantity. It means that the duration of the process does not matter because the only criterion is the final quality of the product. In this context “superplastic forming” can be used to obtain complicated shapes without any significant residual stresses.
In this case, we want to obtain a self-stiffened structure from 4 layers of titanium, which are stuck together at some points. The process takes place at very high temperature and very low strain rates. A pressure is applied through the layers and the structure is blown until it fits a cylindrical mould.


onversie UL I Metafor FE Software

de Liege

Ductile fracture — erosion method

Quasi-static traction test of double notched specimen.
 Meshes from 4500 to 314000 2D elements
* Erosion method to model material fracture

» Goijaerts fracture criterion (no damage):

Ff AP Vgzr o1

0
C O

» Elements that reach this critical value are simply
removed from the mesh.

» Mass loss and mesh dependency are studied.
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The next example is about crack propagation. Metafor can handle this kind of problem using the “erosion method”, which consists of simply removing broken elements from the mesh. A finite element is broken when a criterion is satisfied at its Gauss points. The erosion method has many drawbacks: the mesh must be refined where the crack is expected to start and propagate. When elements are removed from the mesh, the total mass of the model decreases. However, in lots of cases, it works quite well and the same results as more sophisticated method are finally found.
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Ductile damage

Two main schools for irreversible degradation of material properties:

» Gurson'’s theory based on the void volume fraction (“porous metal plasticity” in Abaqus)
=> modified yield criterion: f =o —W(D, P) G iy — Cgamage =0
» Lemaitre’s thermodynamic continuum damage mechanics

~ o
=> Plasticity is solved using the effective stress 0 = ﬁ (D=isotropic damage)

Advantages of Lemaitre’s theory:

Existence of damage models for impact problems

More flexible models

Gurson’s theory not easy to extend to dynamic effects
Extended to large strains and thermomechanical coupling
Any damage law can be used with any constitutive model
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In the latest example, damage was not taken into account in the material constitutive law although the fracture criterion is a measure of damage.
There are two main schools ….
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Fast tensile test with damage and fracture

Reinforcement

AN

N * 3D Simulation of a fast tensile test.

« Material: high strength steels (TRIP and dual
phase)

» Thermomechanical implicit algorithm.

HHETSEE

» Material model with dynamic material laws.

. « Damage of material modelled with
y Specimen / continuum damage mechanics (Lemaitre)
Rigid ring

* Erosion method to model propagation of
fracture.

* In collaboration with Prof. Salima Bouvier
(Laboratoire des Propriétés Mécaniques et
Johnson Cook’s visco-plastic constitutive law: Thermodynamiques des Matériaux - Paris)

oo = A+ BE) )(H Chn Eg_pj[l_ﬁ%jJ

melt ~— ' room
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The next example combines a material constitutive law with damage and a fracture criterion. It is the simulation of a fast tensile test in which dynamic effects such as strain rate effects are taken into account with a visco-plastic Johnson Cook constitutive model. The erosion method is used with a fracture criterion related to a crital value of the damage.
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TOOth MOdeI step O t=0/1 dt=0.01

» Orthodontics — alveolar bone remodelling

* Remodelling = bone density variation
according to biomechanical stimulus.

» Case of alveolar bone surrounding teeth

step 104 t=1/1 dt=0.000247637 LAB'AL S]DE
{
Tooth ! ‘
Periodonal
Ligament
Alveolar
Bone
* Use of damage as a
Cortical measure of bone density
Bone « Continuum damage
model with specific
damage variation law :
2,0 . 1,6 g/lem’ lsotropic Damage
e 0.350 0500  0.650 0.800 0.950

density scale
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It is interesting to see that the damage models used in metal forming can be extended to other applications like biomechanics. In this example, we try to see the variation of bone density when a force is applied to a tooth in order to make it slowly move. For this kind of biological material, the formulation of damage must be anisotropic. 


Metafor FE Software

ALE formalism

Extrusion

Machining

Rolling
Roll forming

= IV
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Th next set of examples present the Arbitrary Lagrangian Eulerian formulation which is the my main topic of research.
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ALE formalism In a few words

e 1+ Y EULERIAN
/—I\L /// EULERIAN FORMALISM
A a
] ( v Undistorted mesh
/ N -
— —~— v ldeal for stationary processes
X X . o
> > “* Free boundaries are difficult to follow
17 1Y LAGRANGIAN

LAGRANGIAN FORMALISM

- - v Free boundaries are computed

automatically

ALE v History dependant materials are easier to
handle

“* The mesh can be rapidly distorted

" Large amount of finite elements are needed
for the simulation of stationary processes

ny

t=t0 t>t,
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When dealing with continuum mechanics, two different formalisms can be used: the eulerian and the lagrangian. The first one use a fixed mesh and the material flows through the mesh during the simulation. This is usually done in fluid dynamics. This formalism can handle very large deformations without any mesh distortion however the free boundaries are difficult to follow. The second formalism is the lagrangian one. It means that the mesh is fixed to the material. This is used in solid mechanics. But in that case, the mesh can become distorted. The Arbitrary Lagrangian Eulerian formalism is somewhere between the eulerian and lagrangian: the mesh is moved independently from the material motion in order to keep a good mesh quality or to study a small part of a stationary process.
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Backward extrusion using ALE

Metafor : pas 0 1=0.000000/1.008 (i

A cylindrical piece of metal is pushed through a
rigid tool.

» Avery thin mesh is placed where the solid is
supposed to go out.

e During the process, this flat mesh grows due to
the convection and the main mesh shrinks.

* The shape of the mesh remains good and no
remeshing is needed.

Pressura !
500 -363. -225, 875 50.0
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The first example is a model of backward extrusion: ….
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Viacnining using ALE

Vietafar : pas O =0I000000/2.000000" di=0.000001

EQUIValen pIasiic siralmn
0,000 .00 2,00
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Cold Roelling process using ALE Termalism

step 0 t=0/02 dt=0001

Eguivalent von Mises stress

U000 24,1 370 49.3 ol
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Cold Rolling precess using ALE 1ermalism

EQUIVEIERT RICETE Sinain:
0,045 O.E2YS 0,145
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Roll ferming
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[e]g]

T

ROl Terming — ALE simula

_ _ Shic Sicir _
e ejef DSt | HLOYS0 0, 100
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conclusion
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The future

» Process chaining and optimization

» Material parameters identification

» Shells — higher order elements — enhanced triangles/tetrahedrons

* More efficient contact-search algorithms (deep drawing of car panels)
» High performance computing (parallelization) : SMP then clusters

* Remeshing algorithms

* Improving the modularity and the efficiency of each library
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As a conclusion, I would like to talk about the future of Metafor.
One of the main needs of our industrial partners is the ability to chain different kinds of processes. For example, cold rolling (thickness reduction), roller leveling (reductions of defects), skin-pass (surface treatment), deep-drawing, cutting, etc. in order to get more accurate results (e.g. residual stresses) of the final product.
We also need to work on material parameters identification because complicated material laws have many parameters that are useless if these cannot be chosen.
Larger set of finite elements must be introduced in the code. For the moment, linear quads and hexahedrons are the only choice because most of the other element shapes have many issues related to contact or plasticity. However it is easier to mesh a volume with terahedrons.
For the moment, we are not able to simulate very complicated tool shapes like those used in deep drawing for car panels.
Next year, I will start a project concerning the parallelization of Metafor in order to make it work on a network of PCs.
I am also working on remeshing algorithms in 2D.
And finally, we continuously improve the efficiency and the object oriented design of the libraries.  
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